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FKDUJHV IRU WKLQ R[LGH0HWDO 2[LGH 6HPLFRQGXFWRU 026 'HYLFHV XVLQJ GLIIHUHQW KLJKN GLHOHFWULFPDWHULDOV VXFK DV +I2
=U2$O2 DQG6L1 ,WKDVEHHQIRXQGWKDW WKH 9)% VKLIWRIDOO WKHVDPSOHV LQGLFDWHGQHJDWLYHGXH WR WKHH[LVWHQFHRIGHHS
GRQRU W\SHVXUIDFH VWDWHVDQGSRVLWLYH LQWHUIDFHFKDUJHVDQG WKHVHHIIHFWVDUHKLJKO\ UHVSRQVLEOH IRUYDULDWLRQ LQ LQWHUIDFH WUDS
GHQVLW\ZLWKR[LGH WKLFNQHVV ,WKDVEHHQHYDOXDWHG WKDWZLWKUHVSHFW WR6L2 IRU WKHVDPHR[LGH WKLFNQHVVKLJK NFRQWULEXWHV
OHVVWR 9)%$VZHPRYHWRJUHDWHUGLHOHFWULFFRQVWDQW 9)% DSSURDFKHVWR]HURIRUWKHVDPHR[LGHDQGLQWHUIDFHFKDUJH ([FHOOHQW
DJUHHPHQWKDVEHHQREVHUYHGIRUWKHRUHWLFDODQGVLPXODWLRQUHVXOWV
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 ,QWURGXFWLRQ
6L2 SK\VLFDO WKLFNQHVV EHFRPHV WKLQQHU XQWLO  QP UHSRUWHG E\ /R HW DO  ,Q SULQFLSOH 6L2 FDQ QR
ORQJHUEHXWLOL]HGDVJDWHLQVXODWRUGXHWRH[FHVVJDWHOHDNDJHFXUUHQW,WKDVEHHQGHPRQVWUDWHGERWKH[SHULPHQWDOO\
DQGWKHRUHWLFDOO\WKDWDPLQLPXPRIDERXWQPRI6L2 .LP HWDO LVUHTXLUHGWRREWDLQWKHEXONSURSHUWLHV
RIWKHR[LGH0RUHRYHULWKDVEHHQUHSRUWHGE\VHYHUDOUHVHDUFKJURXSVWKDWVFDOLQJRI&026VWUXFWXUHVZLWK6L2
JDWHR[LGHVWKLQQHUWKDQ   QPUHVXOWVLQQRIXUWKHUJDLQVLQWUDQVLVWRUGUDLQFXUUHQWDQGWKXVWKHSUDFWLFDOOLPLW
RIWKH6L2 WKLFNQHVVLVVOLJKWO\ODUJHUWKDQQP$QRWKHUSUREOHPDVVRFLDWHGZLWKXOWUDWKLQ6L2 JDWHGLHOHFWULFV
LV WKH ERURQ SHQHWUDWLRQ DFURVV WKH 6L2 LQWR WKH FKDQQHO UHJLRQ LQ 3026GHYLFHV XVLQJ3 SRO\VLOLFRQ DV D JDWH
HOHFWURGH'XHWRWKHFRQWLQXRXVGHFUHDVHLQ6L2 GLHOHFWULFWKLFNQHVVDFRQVLGHUDEOHDPRXQWRIERURQGLIIXVLRQFDQ
FDXVH D VKLIW RI WKH WKUHVKROG YROWDJH DQG DOVR LQVWDELOLW\ LQ JDWH GLHOHFWULF UHOLDELOLW\ 1HZ PDWHULDOV ZLWK KLJK
GLHOHFWULFFRQVWDQWNDUHQHHGHGWRDYRLGDEUXSWDQGFRVWO\WHFKQRORJLFDODQGPDQXIDFWXULQJSURFHVVFKDQJHVUHGXFH




PDGHWKLFNHQRXJKDQGVWLOOPDLQWDLQWKHFDSDFLWDQFHRIWKHWKLQQHU6L2 ILOP -RQHV HWDO6RDJDWHGLHOHFWULF
ZLWKDKLJKHUGLHOHFWULFFRQVWDQWDIIRUGVDJUHDWHUSK\VLFDOWKLFNQHVVDQGDFKLHYHVWKHVDPHFDSDFLWDQFHDVDFKLHYHG
E\6L2 ZLWKOHVVHUWKLFNQHVV ,QRWKHUZRUGVE\XVLQJKLJKNJDWHGLHOHFWULFZHFDQHPSOR\DWKLFNHUJDWHOD\HUZLWK
OHVVHU HTXLYDOHQW R[LGH WKLFNQHVV :LON HW DO  *URHVHQHNHQ HW DO  %HUVXNHU HW DO  0DQ\
DOWHUQDWLYHKLJKNGLHOHFWULF PDWHULDOVKDYHEHHQH[DPLQHGIRUWKHSXUSRVHRIUHSODFLQJ6L2 LQIXWXUHWHFKQRORJ\GXH
WRWKHSUREOHPVRIKLJKJDWHOHDNDJHFXUUHQWVWDQGE\SRZHUFRQVXPSWLRQDQGJDWHR[LGHUHOLDELOLW\6LQFHVLPLODU
FDSDFLWDQFHZLWK D SK\VLFDOO\ ODUJHU WKLFNQHVV FDQ EH SURYLGHG E\ WKH KLJKN ILOPV DQG WKHUHIRUH FDQ EH XVHG WR
UHGXFHWKHJDWHOHDNDJHFXUUHQW )X&KLHQ&KLX HWDO
,Q WKLVSDSHUZHKDYHFDOFXODWHG 9)% LQ WHUPVRI LQWHUIDFH WUDSFKDUJHV IL[HGR[LGHFKDUJHVDQGR[LGH WUDSSHG
FKDUJHVIRUWKLQR[LGH026'HYLFHVXVLQJGLIIHUHQWKLJKNGLHOHFWULFPDWHULDOVVXFKDV+I2=U2$O2 DQG6L1
,WKDVEHHQHYDOXDWHGWKDWZLWKUHVSHFWWR6L2 IRUWKHVDPHR[LGHWKLFNQHVVKLJK NFRQWULEXWHVOHVVWR 9)%$VZH







7KHUHDUH WKUHH W\SHVRIR[LGHFKDUJHVDVVRFLDWHGZLWK WKH6L26LV\VWHP7KH\DUH)L[HGR[LGHFKDUJH0RELOH
R[LGH FKDUJH DQG2[LGH WUDSSHG FKDUJH 7KH VLPSOHVW DQGPRVWZLGHO\ XVHGPHWKRG IRUPHDVXULQJ R[LGH FKDUJH
GHQVLW\ LV WR LQIHU WKLV GHQVLW\ IURP WKH YROWDJH VKLIW RI D &9 FXUYH 1LFROOLDQ DQG %UHZV HW DO  7KUHH
LQVXODWRUUHODWHGSDUDPHWHUW\SLFDOO\GHWHUPLQHGZLWK&9PHDVXUHPHQWDUH2[LGHFKDUJHGHQVLW\ ȡR[,QWHUIDFHWUDS
GHQVLW\ 4LW DQG*DWHVHPLFRQGXFWRUZRUNIXQFWLRQGLIIHUHQFH ĭPV7KH\DUHGHWHUPLQHGIURPWKHIODWEDQGYROWDJH
 ׎   
7KHIL[HGFKDUJHGHQVLW\4I DQGLQWHUIDFHFKDUJHGHQVLW\4LW DUHDVVXPHGWREHORFDWHGDWWKH6L26LLQWHUIDFHDQG
WKHUHPDLQLQJPRELOHLRQLFDQGR[LGHWUDSFKDUJHGHQVLW\ ȡR[ LQWKH6L2OHDGLQJWRWKH 9)% H[SUHVVLRQ
 ׎       ׎  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:KHUHWR[ LVWKHR[LGHWKLFNQHVV į LVGHOWDIXQFWLRQDQG4LW LVD IXQFWLRQRIVXUIDFHSRWHQWLDO 6RIRUXQLIRUPR[LGH





7KHSORWIRUHTXDWLRQ LVFOHDUO\QRQOLQHDUPDNLQJLWGLIILFXOWWRH[WUDFWWKHYDULRXVFKDUJHV +RZHYHU ׎ LV
JLYHQE\WKH LQWHUFHSW:LWKWKHLQWHUFHSWRQWKH9)% D[LVZHJHWWKHLQIRUPDWLRQDERXWWKHPHWDOVHPLFRQGXFWRU
ZRUN IXQFWLRQ ĭPV DQG WKH VORSH RI WKH JUDSK JLYHV WKH LQIRUPDWLRQ DERXW WKH YDULRXV FKDUJHV %XW GXH WR QRQ
OLQHDULW\ RI WKH FXUYH LW EHFRPHV GLIILFXOW WR GLIIHUHQWLDWH YDULRXV FKDUJHV 7KH UHODWLRQ FDQ EH PDGH OLQHDU E\
UHPRYLQJVTXDUHWHUPRIWKLFNQHVVEHFDXVHZHDUHWDNLQJ ȡR[ DVQHJOLJLEOH6RWKHDERYHUHODWLRQFDQEHVWDWHGDV
 ׎  
,Q WKH KLJK IUHTXHQF\ FDSDFLWDQFHPHWKRG FDSDFLWDQFH LVPHDVXUHG DV D IXQFWLRQ RI JDWH ELDVZLWK IUHTXHQF\
IL[HGDWKLJKHQRXJKYDOXH VRWKDW LQWHUIDFHWUDSVGRQRWUHVSRQG$WKLJKIUHTXHQF\ WKHWRWDOFDSDFLWDQFHLVJLYHQ
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 5HVXOWV	'LVFXVVLRQ





)LJ &9 FXUYHIRU6L2 IRUYDULRXVWKLFNQHVVHVLQ0$7/$%7KHRUHWLFDO
)LJ  &9 FXUYHIRU6L2 IRUYDULRXVWKLFNQHVVHVLQ$7/$66LPXODWHG
6LPLODUO\ IRU WKH S VXEVWUDWH026 6L2 KDV EHHQ UHSODFHG E\ VRPH RI WKH KLJK N GLHOHFWULFPDWHULDO VXFK DV
6L1$O2=U2 DQG+I2 DQGLWKDVEHHQ IRXQGWKDW WKHFDSDFLWDQFHDWDSDUWLFXODUJDWHYROWDJHLVJUHDWHVWIRU
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DQG=U2 DUHVDPHEHFDXVHRIWKHVDPHGLHOHFWULFFRQVWDQWRI ,QWKHVLPXODWLRQ WKHUHLVVOLJKWYDULDWLRQLQWKH&
9FKDUDFWHULVWLFRI+I2 DQG=U2 EHFDXVHRIVRPHSDUDVLWLFFDSDFLWDQFHHIIHFW
)LJ  &9FKDUDFWHULVWLFRI6L2 DQG KLJKN PDWHULDODWQPR[LGHWKLFNQHVV LQ 0$7/$%7KHRUHWLFDO
)LJ  &9FKDUDFWHULVWLFRI6L2 DQGKLJKNPDWHULDODWQPR[LGHWKLFNQHVVLQ$7/$66LPXODWLRQ
&RQVLGHULQJ D SVXEVWUDWH 026 DW URRP WHPSHUDWXUH ZLWK
ͷ ͳͲ FP DQGDVVXPLQJWKDW9)%  WR[  QPIRU6L2 DQGGLIIHUHQW+LJK N PDWHULDOWKHJUDSKKDVEHHQ
SORWWHGIRUVXUIDFHSRWHQWLDOYV JDWHYROWDJH)URPWKHILJXUH ZHFDQLQWHUSUHWWKDWQRPDWWHUKRZODUJHWKHJDWH
YROWDJHLVLWLVKDUGWRSXVKWKHVXUIDFHSRWHQWLDO YHU\PXFKEH\RQG ʹ $OVRDVWKHGLHOHFWULFFRQVWDQWRIWKH
R[LGH LQFUHDVHV WKHFXUYHJHWVGHYLDWHGIURPWKHFXUYHRI6L2 7KHFDSDFLWDQFHRI WKHGHSOHWLRQUHJLRQRI OHQJWK
HTXDOWRVLGHRIWKHVTXDUHZKRVHGLDJRQDOLVHTXDOWR'HE\HOHQJWKLVFDOOHG'HE\HOHQJWK&DSDFLWDQFH,WKDVEHHQ
FDOFXODWHG DVî )FP
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)LJ 6XUIDFH3RWHQWLDOYV*DWH9ROWDJHIRU6L2 DQG KLJKNPDWHULDO
1RZIRU ͷ ͳͲ  KDVEHHQFDOFXODWHG IRUGLIIHUHQWR[LGHWKLFNQHVV RIQPQPQPQP)URP
RXUDVVXPSWLRQ FDQEHFDOFXODWHGIURPWKHVORSHRIJUDSK)LJXUH VKRZVWKH 0$7/$%JUDSKIRUWKHUHODWLRQ
)URPWKHJUDSKZHFDQVHHWKDWIRUWKHVDPHR[LGHWKLFNQHVVKLJKNFRQWULEXWHVOHVVWR 9)%$VZHPRYHWRJUHDWHU
GLHOHFWULF FRQVWDQW 9)% DSSURDFKHV WR ]HUR IRU WKH VDPH R[LGH DQG LQWHUIDFH FKDUJH )RU +I2 ZLWK GLHOHFWULF
FRQVWDQWRI9)% LVORZHVWWKHQFRPHV=U2 IROORZHGE\6L1 DQG$O2 KDYLQJGLHOHFWULFFRQVWDQW
UHVSHFWLYHO\ )LJXUH VKRZV WKH UHODWLRQEHWZHHQ9)% DQG WR[ ZKLFKKDVEHHQSORWWHGE\GDWDRI$7/$6DQG WKH
JUDSKZDVIRXQGDOPRVWVLPLODUDVWKHWKHRUHWLFDOJUDSK RI0$7/$%DVVKRZQLQILJXUH
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)LJ  5HODWLRQEHWZHHQ9)% YV2[LGH WKLFNQHVVIRUGLIIHUHQW KLJKNIURPE\ $7/$6 6LPXODWLRQ
 &RQFOXVLRQV
$ WKLFNQHVVGHSHQGHQW LQWHUIDFLDO GLVWULEXWLRQ RI R[LGH FKDUJHV LQ 026 VWUXFWXUHV ZDV V\VWHPDWLFDOO\
LQYHVWLJDWHG7KHIODWEDQGYROWDJHVKLIWRIDOOWKHVDPSOHVLQGLFDWHGQHJDWLYHGXH WRWKHH[LVWHQFHRIGHHSGRQRUW\SH
VXUIDFHVWDWHVDQGSRVLWLYHLQWHUIDFHFKDUJHVDQGWKHVHHIIHFWVDUHKLJKO\UHVSRQVLEOHIRUYDULDWLRQLQLQWHUIDFHWUDS
GHQVLW\'LWZLWKR[LGH WKLFNQHVV ,WKDVEHHQIRXQG WKDW IRU WKHVDPHR[LGH WKLFNQHVVKLJK NFRQWULEXWHV OHVV WR
9)%$VZHPRYHWRJUHDWHUGLHOHFWULFFRQVWDQW 9)% DSSURDFKHVWR]HURIRUWKHVDPHR[LGHDQGLQWHUIDFHFKDUJH)RU
+I2 ZLWKGLHOHFWULFFRQVWDQWRI9)% LVORZHVW WKHQFRPHV=U2 IROORZHGE\6L1 DQG$O2 KDYLQJGLHOHFWULF
FRQVWDQWUHVSHFWLYHO\
$FNQRZOHGJPHQWV
7KH DXWKRUV DUH KLJKO\ LQGHEWHG WR 'HSDUWPHQW RI 6FLHQFH DQG 7HFKQRORJ\ '67 0LQLVWU\ RI 6FLHQFH DQG
7HFKQRORJ\ *RYWRI,QGLD IRUVXSSRUWLQJWKLVWHFKQLFDOZRUN
5HIHUHQFHV
/R 6 + %XFKDQDQ ' $ 7DXU < :DQJ : 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
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 &U\VWDOOLQLW\
,QWHUIDFH6WUXFWXUHVDQG(OHFWULFDO3URSHUWLHV6WDQGIRUG8QLYHUVLW\86$
:LNLSHGLD +LJKN'LHOHFWULFV
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'LHOHFWULFV WK ,3)$7DLZDQ
%HUVXNHU * /HH %+ +XII +5 1RYHO'LHOHFWULF0DWHULDOVIRU)XWXUH7UDQVLVWRU *HQHUDWLRQV :RUNVKRS
RQ)URQWLHUVLQ(OHFWURQLFV86$
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